ABSTRACT A pattern reconfigurable antenna based on switchable spoof surface plasmon polaritons (SSPPs) transmission line is experimentally presented. There are two fundamental modes on traditional SSPPs transmission line, the odd mode and the even mode. In this paper, we propose the switching of fundamental modes transmitted on the SSPPs transmission line by controlling the status of three PIN diodes. As a consequence, the proposed antenna can provide a broadside radiation beam (in the even mode) and an endfire radiation beam (in the odd mode). The measured results show that for broadside radiation, the main lobe direction ranges from 56 • to 84 • within the operating band (|S 11 | < −10 dB) of 4.85-5.25 GHz, while for the endfire radiation, the main lobe points almost constantly to x-direction within 4.85-5.25 GHz. By switching the antenna working state, the proposed antenna can realize almost 84 • beam switching at 4.85 GHz. The pattern reconfigurability of this antenna with favorable performance characteristics, such as high gain, frequency scanning, low profile, and wide-angle beam switching, makes it an ideal candidate for many WLAN and satellite communication applications.
I. INTRODUCTION
Wide angle beam scanning antennas are highly demanded with the rapid development of wireless communications and remote probing of radars. Beam scanning is achievable in antenna arrays [1] , but the coupling between antenna elements becomes so severe at large angle that the beam is widened and the gain decreases dramatically. Mechanical steering [2] is another method to realize wide-angle beam scanning, but the additional mechanical structure increases the system size and complexity. Leaky-wave antennas (LWAs) can also realize beam scanning [3] , which are much more compact and easier to be fabricated than the other designs. However, LWAs suffer from limitations in the beamscanning range. Some techniques have been introduced to realize wider angle beam-steering [4] - [6] , but it is difficult to scan from broadside to endfire.
Recently, due to its strong field confinement and slowwave feature, spoof surface plasmon polaritons (SSPPs) have inspired an intensive interest in the microwave community. Surface plasmon polaritons (SPPs) are special electromagnetic (EM) waves bound on the interface of metal and dielectric tightly in the optical region [7] , [8] , which show great value in metamaterials [9] - [11] . Using structured surfaces, spoof SPP, whose characteristics are similar to SPPs, has been realized in microwave and terahertz band [12] , [13] . SSPPs based transmission line [14] - [16] , filters [17] - [19] , wave splitters [20] - [22] , and antennas [23] - [29] have contributed to the wireless communications, radar, and other system. Due to the phase mismatch with the free space, the electromagnetic wave supported in SSPPs transmission line do not radiate. However, with tapering structures [27] , [28] , or resonating elements [29] , [30] , or periodic modulations [24] - [26] , the SSPPs modes can be converted into spatial radiated modes. It is discussed in [16] and [31] that two fundamental modes are supported on SSPPs transmission line: the even mode and the odd mode.
A leaky-wave antenna based on SSPPs transmission line is proposed for continuous frequency-controlled beam scanning towards broadside [26] . The SSPPs waveguide in this paper is fed by a conventional coplanar waveguide (CPW). Due to the symmetric structure, the even mode is excited. In [28] , the SSPPs antenna is fed by a monopole to excite the anti-symmetric electric field along the SSPP structure and to realize endfire radiation, which is odd mode. In [27] , another SSPPs endfire radiation antenna is proposed. Due to the asymmetric structure, the proposed antenna provides endfire radiation beam.
In this paper, a pattern reconfigurable antenna based on SSPPs is proposed. A reconfigurable circuit with three PIN diodes is introduced into the antenna. By loading forward or reverse bias voltage, the proposed antenna can excite either odd or even mode on SSPPs transmission line. It is demonstrated that the proposed antenna can provide an endfire radiation beam in the odd mode or broadside scanning beam in the even mode. Meanwhile, the available work band is stable in 4.85-5.25 GHz for both endfire and broadside radiation. It is noted that the main lobe direction of the proposed antenna can realize 84 • switching in maximum by switching the antenna working states. The design principle of the proposed antenna is explained in section II. Antenna prototype and experimental results are discussed in Section III. Finally, the conclusion is given in Section IV.
II. ANTENNA DESIGN AND ANALYSIS
Two fundamental SSPP modes, odd mode and even mode, are supported on conventional SSPPs transmission line as discussed in [16] and [31] - [33] . The EM wave supported in traditional double-side corrugated SSPPs structure can be converted into broadside radiation beam in the even mode as reported in [26] . On the other hand, the endfire antenna with similar SSPPs structure has been reported in [28] which shows the characteristic of the odd mode. It means by using certain mode convertor, an antenna with same structure could exhibit totally different radiation characteristic. Based on this law, a radiation pattern reconfigurable antenna is proposed in this paper.
A. ANTENNA STRUCTURE
The framework diagram of the proposed antenna is shown in Fig. 1(a) . A reconfigurable circuit is inserted between the CPW and the SSPPs structure to reconfigure the SSPPs mode. By switching between the odd mode and the even mode on the SSPP structure, the radiation pattern can be reconfigured easily. The configuration of the proposed SSPPs pattern reconfigurable antenna is shown in Fig. 1(b) . The proposed antenna contains four parts, a coplanar waveguide, a transition part, a modulated SSPPs transmission line [28] and a tapering metallic structure. The entire metal structure is fabricated on a 0.762-mm-thick Arlon AD600 substrate (with ε r = 6.2 and tanσ = 0.003). The CPW is designed to match the impedance of 50 . The modulated SSPPs transmission line is a corrugated metallic strip periodically decorated with rhombic patches as shown in Fig. 1(b) . The rhombic patches are periodically loaded to improve the performance in broadside radiation state [26] . The diagonal lengths of the rhombic patches are 21.4 mm and 9.6 mm. The height h is about λ c /4 (λ c being the wavelength at center frequency). 
B. RECONFIGURABLE CIRCUIT AND EXCITATION OF SPP MODE
The details of the reconfigurable part are shown in Fig. 2(a) . The reconfigurable circuit is designed to shift the current phase in the region of y > 0 by 180 • on the same cross section of the SSPPs structure. Three PIN diodes numbered S1, S2 and S3 are introduced into the transition part. The model number of the diodes is MA4AGFCP910 which shows an ohmic resistance of 4.2 in the forward-biased state or a capacitance of 0.02 pF in the reverse-biased state.
When S 2 and S 3 are in OFF-state and S 1 is in ON-state (bias voltage V 0 = 1.4 V), the simplified current distribution in SSPPs transmission line is shown in Fig. 2(b) . The electric field in the state is symmetric about the xoy plane which, as demonstrated in [16] , implies the even SPP mode.
When S 2 and S 3 are in ON-state and S 1 is in OFF-state (bias voltage V 0 = −2.8 V), odd mode is excited on the SSPPs transmission line. The simplified current distribution is shown in Fig. 2(c) . The electric field in this state is antisymmetric about the xoy plane.
C. SIMULATION VERIFICATION
A series of simulations have been performed using CST Microwave Studio. To take the effects of the PIN diodes into consideration, three lumped ports were used to simulate the impact of PIN diodes. 
V).
It is observed that the even mode is excited in this state as shown in Fig. 3(a) . And the energy of surface waves is decreased and radiated to the free space along the transmission line as illustrated in Fig. 3(c) . The radiation pattern at 5.5 GHz in even mode is shown in Fig. 3(e) . Fig. 3 (b) and (d) illustrate the electric field and power flow distribution along the antenna when S 2 and S 3 are in ON-state and S 1 is in OFF-state (bias voltage V 0 = −2.8 V). As shown in Fig. 3(b) , the dominant mode is odd mode in this state. Fig. 3(d) shows that the electromagnetic (EM) energy is well confined and guided by the transmission line, and radiated to free space at the end. The odd SPP mode on the transmission line results in an endfire radiation beam which can be seen from Fig. 3(f) .
D. PARAMETER ANALYSIS
The dispersion relations of symmetric SSPPs with different groove depth are calculated by using the Eigen mode solver of the commercial software CST Microwave Studio. The dispersion curves are plotted in Fig. 4 . It is observed that the curves deviate significantly from the light line for both even mode and odd mode. Because only non-radiative modes are taken into consideration, the dispersion curves for the odd mode do not start at the origin [31] .
The tapering structure is introduced at the end to improve the antenna gain. Fig. 5 illustrates the simulated gain versus frequency with and without the tapering structure. As shown in Fig. 5 , the antenna realized gain is relatively high when there is a tapering structure for the broadside state. On the other hand, the antenna gain shows less fluctuation and is relatively high with the tapering structure for the endfire state.
The transition part is critical to the |S 11 | performance. Fig. 6 shows the simulated |S 11 | values versus frequency for various r when r 1 = 68.1 mm is fixed. It is observed that as r increases from 8.7 mm to 9.7 mm, the |S 11 | performance is significantly improved for the endfire state, and deteriorates for the broadside state. The choice, r = 9.2 mm, was a compromise between these two issues. In this case, the impedance 15446 VOLUME 7, 2019 bandwidth is from 4.7-5.6 GHz for the broadside state and from 4.7-5.4 GHz for the endfire state.
III. EXPERIMENTAL RESULT AND DISCUSSION
The proposed pattern reconfigurable antenna has been designed through a series of simulations. The optimized values of parameters are listed in Table 1 . A prototype has been fabricated and tested. The fabricated prototype is shown in Fig. 7 .
The simulated and measured |S 11 | curves in the endfire or broadside radiation state are compared in Fig. 8 . It is observed that the measured |S 11 | curves of the proposed pattern reconfigurable antenna exhibit similar curve tendency with the measured ones except a frequency deviation in the endfire state. Both the simulated and measured 10-dB impedance bandwidth cover the designed operating band of 4.85-5.25 GHz. The difference between the simulated and measured results is mainly caused by fabrication errors, the resistance introduced by weld. Besides, the diodes parameter according to the data sheet is a typical value, which also has small effect on the measured |S 11 | performance.
Radiation patterns in the xoy plane are shown in Fig. 9 (a)-(c) for the endfire radiation state. It is observed that the measured radiation patterns agree well with the simulated ones. Both the simulated and measured radiation patterns show low side lobe levels. The measured main lobe direction points to −4 • , 0 • , and 2 • at 4.85 GHz, 5.05 GHz, and 5.25 GHz, respectively. It is also observed that the maximum gain direction points to the angle of 84 • , 72 • , and 56 • at 4.85 GHz, 5.05 GHz, and 5.25 GHz, respectively, and the measured main lobe levels are higher than the side lobes at 4.85 GHz, 5.05 GHz, and 5.25 GHz. As the frequency increases to 5.25 GHz, the broadside radiation patterns deteriorate a little. There are small radiations in the x-direction because the transition part is not symmetric and the local currents distribution is not exactly symmetric in the even mode. Fabrication errors also result in the small deviations between the measured far fields and the simulated ones.
The measured peak gain and main lobe direction in the xoy plane are summarized in Table 2 . The realized gain in broadside state could be significantly enhanced by increasing the length of the proposed antenna. Noting that the main lobe direction of the proposed antenna can realize 84 • beam switching in maximum at 4.85 GHz. The measured realized gain in endfire radiation state is larger than 7.1 dBi, and it is over 6.1 dBi in broadside radiation state.
The performance characteristics of comparable patternreconfigurable antennas [34] - [36] are compared in table 3. Our design achieves the largest beam switching angle and the highest peak realized gain. Additionally, our design introduces only three PIN diodes, and fabrication complexity of our design is modest in comparison. The antenna works as a leaky wave antenna with a frequency-scanning beam in the broadside state. As a consequence, the antenna length is larger than the other designs.
IV. CONCLUSION
A pattern reconfigurable antenna based on SSPPs has been experimentally presented. The measured prototype demonstrates an operating bandwidth covering 4.85-5.25 GHz. By controlling the status of the three PIN diodes, the proposed antenna can switch its function between endfire and broadside radiations, which is well explained by the odd and even modes excited on the SSPP transmission line. The measured 3-dB beamwidth is about 30 • in the endfire radiation state. In the broadside radiation state, the measured main lobe direction scans from 56 • to 84 • and the 3-dB beamwidth is about 25 • . It is noted that the main lobe direction of the proposed antenna can realize 84 • switching in maximum by changing the antenna's working state. The proposed pattern reconfigurable antenna may be useful in wireless communications.
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